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Embryonic development involves a series of cell adhesive interactions that provide mechanical and instructive information
required for morphogenesis. The ADAMs family of membrane-anchored proteins, containing a disintegrin and metallopro-
tease domain, is well suited for participating in such developmental events. They encode not only a potential adhesive
function, through an integrin-binding disintegrin domain, but also a potential antiadhesive function, through a zinc-
dependent metalloprotease domain. In order to investigate the role of ADAMs in early development we cloned a cDNA
encoding a novel member of the ADAM family from a Xenopus laevis neurula stage library. We call this cDNA, and the
915-amino-acid protein it encodes, ADAM 13. X-ADAM 13 RNA is expressed during embryogenesis from the midblastula
stage through tadpole stage 45. X-ADAM 13 is localized to somitic mesoderm and cranial neural crest cells during gastrula-
tion, neurulation, and in tail bud stages. Sequence analyses of the X-ADAM 13 metalloprotease and disintegrin domains
indicate that the protein is likely to be involved in both proteolytic and cell-adhesive functions. The X-ADAM 13 sequence
is most closely related to that of mouse meltrin a, which is implicated in myoblast fusion. Our data suggest that X-ADAM
13 may be involved in neural crest cell adhesion and migration as well as myoblast differentiation. q 1997 Academic Press
INTRODUCTION At least one ADAM (ADAM 2) has been implicated in bind-
ing to integrin receptors (Almeida et al., 1995).
Integrins are heterodimeric transmembrane glycoproteins
Cell-adhesive interactions play crucial roles in early em- that can interact with a wide variety of ligands that include
bryonic development. A recently described family of cell components of the ECM as well as other cell surface pro-
surface proteins termed ADAM (a disintegrin and metallo- teins (Hynes, 1992). They have been shown to play a key
protease) may play an important part in modulating both role in morphogenetic movements during early embryonic
cell±cell and cell±extracellular matrix (ECM) interactions development (Darribere et al., 1990; Lallier and Bronner-
(Wolfsberg et al., 1995a,b). ADAMs are also known as cellu- Fraser 1993; Delannet et al., 1994; Alfandari et al., 1995;
lar disintegrins and MDCs (metalloprotease, disintegrin, Lallier et al., 1996; Ramos et al., 1996). By interacting with
and cysteine) because of their homology to a family of solu- speci®c integrins, therefore, ADAMs may function in het-
ble snake venom metalloproteases (SVMPs), which possess erotypic cell±cell adhesive interactions important in devel-
both disintegrin and metalloprotease domains (Musial et opment.
al., 1990). The best-characterized snake venom disintegrins The ®rst ADAMs described were fertilin a and b (ADAM
bind with high af®nity to integrin aIIbb3 and thereby in- 1 and 2, previously known as PH-30 a and b), which are
hibit platelet aggregation. The metalloprotease domains of present on the surfaces of mammalian spermatozoa (Prima-
these proteins contribute to the resulting hemorrhagic re- koff et al., 1987). They are thought to mediate sperm±egg
sponse by degrading basal lamina ECM (Kini et al., 1992). binding and possibly fusion by interacting with integrin
a6b1 on the egg surface (Blobel et al., 1990; Blobel and
White, 1992; Myles, 1993; Almeida et al., 1995). Recently,
a number of other ADAM genes have been identi®ed by1 To whom correspondence should be addressed. Fax: (804) 982-
3912. E-mail: dwd3m@virginia.edu. homology screens and shown to be expressed in a wide
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variety of species and tissues; however, little is known re- ADAM 13 protein is expressed early in development in pre-
sumptive somitic mesoderm as well as in cranial neuralgarding the functions of these proteins (Wolfsberg et al.,
1993, 1995a,b). crest. Collectively, the potential functions and localization
of X-ADAM 13 are consistent with roles during myoblastADAMs possess four putative functional domains: (1) a
metalloprotease domain, (2) a cell±cell adhesive domain, differentiation and neural crest cell migration.
(3) a cell fusion domain, and (4) a C-terminal cell-signaling
cytoplasmic domain. The metalloprotease domain contains
a predicted active site that can bind zinc. The activity of
MATERIALS AND METHODSthis site is believed to be regulated by a ``cysteine switch''
mechanism involving the prodomain. The disintegrin do-
main contains a candidate ligand-binding site for integrins. Homology PCR
In the cysteine-rich domain of at least some ADAMs, there
is a hydrophobic stretch of amino acids with similarity to Total cellular RNA was puri®ed using guanidine isothiocyanate
as described in Alfandari et al. (1995). Homology RT±PCR wasviral fusion proteins (Huovila et al., 1996). Finally, the cyto-
carried out as described in Wolfsberg et al. (1995a,b), using degener-plasmic domains of some ADAMs may interact with SH3
ate oligonucleotide primers and cDNA templates made from RNAsdomains present in many signaling molecules (Wescamp et
isolated from stage 11, 12, 17, and 45 embryos. The locations ofal., 1996).
the primer sequences and the corresponding peptides they encodeCell±ECM interactions are required for numerous mor-
are indicated in Fig. 1. The nucleotide sequences of each primer
phogenetic events, such as gastrulation (Boucaut et al., used for PCR (primers 1±7) are listed in Table 1 (see also Wolfsberg
1984a,b; Winklbauer and Selchow, 1992; Ramos and DeSi- et al., 1995a,b). Each 20-ml PCR ampli®cation contained 5 ml of
mone 1996; Alfandari et al., 1996) and neural crest cell mi- cDNA template, 2.5 mM of each primer, and 0.125 ml of Taq poly-
gration (Dufour et al., 1988). ADAMs may function as me- merase (Boehringer Manheim) in buffer containing 10 mM Tris, pH
talloproteases that modify the ECM during cell migration, 8.3, 50 mM KCl, 2 mM MgCl2 , 0.01% gelatin, and 200 mM dNTPs.
Ampli®cations were carried out using the following program: 45tissue remodeling, or wound healing. Therefore, they may
sec at 947C, 30 sec at 407C, and 1 min at 727C for 30 cycles followedbe involved in tumor cell invasion and metastasis as well
by 15 min at 727C. PCR products were cloned using the TA-Cloningas in morphogenetic movements that occur during em-
kit (Stratagene).bryogenesis. The recently described kuzbanian (kuz) gene
from Drosophila encodes a member of the ADAMs family
that is required for neurogenesis (Rooke et al., 1996). These
data suggest that additional ADAMs, including the mam- cDNA Library Screen
malian homolog of kuz (Howard and Glynn, 1995), are
The partial cDNA mp4 was obtained by homology PCR (Fig. 1)likely to play similar roles in vertebrate developmental pro-
and used to screen a Xenopus stage 17 cDNA library in l gt10cesses. An ADAM gene (adm-1) widely expressed in C. ele-
(Kintner and Melton, 1987). Hybridization was carried out undergans embryos, where it may play a role in cell adhesion
high stringency conditions as described in Hens and DeSimoneand fusion, has also been reported recently (Podbilewicz,
(1995). Two independant cDNAs were identi®ed and cloned into
1996). the EcoRI site of pBluescript (SK0) (Invitrogen).
Some ADAMs, for example, fertilin a (ADAM1) and mel-
trin a (ADAM 12), are implicated in cell fusion events. Se-
quence analysis of the ADAM 1 subunit shows a hydropho-
Sequence Analysisbic stretch of amino acids that can be modeled as a potential
fusion peptide (White, 1990). This observation suggests that
Following exonuclease III deletion and subcloning of convenientfertilin might be involved in sperm egg fusion, although
restriction fragments, sequence was obtained from each cDNA us-
the speci®c role of the putative fertilin fusion peptides in ing the dideoxy chain termination method (Sanger et al., 1977).
membrane fusion has yet to be demonstrated directly. Subsequent analyses were performed using the Genetics Computer
ADAM 12 (meltrin a) also contains a candidate fusion pep- Group (GCG) sequence analysis software package, version 8.1-
tide, albeit of lower hydrophobicity than that of the fertilins UNIX (Devereux et al., 1984). Amino acid sequences were aligned
using ClustalW (Thompson et al., 1994); these alignments were(Huovila et al., 1996). Repression of ADAM 12 expression
subsequently modi®ed slightly by hand to maximize similarity.results in inhibition of murine myoblast fusion in vitro.
Trees were constructed using algorithms in the PHYLIP (PhylogenyConversely, overexpression of a truncated form of the pro-
Inference Package) version 3.5c (Feldenstein, 1993). The sequencestein that lacks the pro- and metalloprotease domains leads
were subjected to 100 bootstrap replicates with SEQBOOT. PROT-to fusion of myogenic cells (Yagami-Hiromasa et al., 1995).
DIST was then used to calculate a distance matrix based on theThus, ADAM 12 is involved in the pathway leading to myo-
Dayhoff PAM probability model. Phylogenies were estimated from
blast fusion. this distance matrix using the FITCH program with global rear-
In this study, we report the cloning and early embryonic rangement and multiple jumbles (reordering the data set 25 times).
expression of a novel ADAM from Xenopus laevis. Se- The consensus trees were then determined by CONSENSE. Nodes
quence analysis shows that X-ADAM 13 has potential me- with bootstrap values of 60 or less were discarded. The ®nal tree
diagram was generated with TREETOOL (Maciukenas, 1994).talloprotease, disintegrin, and signaling activities. The X-
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FIG. 1. Homology PCR. Homology PCR was performed using degenerate primers corresponding to conserved amino acid sequences in
the extracellular domains of various mammalian ADAMs. A schematic representation of an ADAM protein is drawn with, from left to
right, the signal peptide (Sp), the prodomain (P), the metalloprotease domain (M), the disintegrin-like domain (D), the cysteine-rich domain
(C), the EGF-like domain (E), and the transmembrane (Tm) and cytoplasmic (Cy) domains. Degenerate primers 1 to 3 represent forward
and 4 to 6 reverse. Primers 1 and 2 are localized to the metalloprotease active site (AS), while primer 4 is in the disintegrin loop (DL).
Two rounds of PCR were performed successively with nested primers as indicated. The results of the PCR are summarized below the
schematic. Two clones were identi®ed with this approach, mp10 and mp4. The mp4 ampli®cation product was subsequently used to
screen a stage 17 cDNA library.
dom primers (1-mg) were incubated with the RNA at 707C for 10Northern Blot
min and quenched on ice for 5 min. The reaction mixture con-
Northern blot analysis was carried out as described by Ku and taining 0.2 mM deoxynucleotide mix, 33 U of RNase inhibitor
Melton (1993). Total RNA from 10 embryo equivalents at various (Promega), and 400 U of MMLV reverse transcriptase (BRL) was
stages was loaded in each lane. Hybridization was performed at incubated at 377C for 1 hr. The resulting cDNA was diluted to 500
607C in hybridization buffer (50% formamide, 51 SSPE, 0.5% SDS, ml in TE buffer and stored at 0207C. Genomic DNA was prepared
and 100 mg/ml denatured herring sperm DNA) containing a [32P]- by homogenizing 10 stage 45 embryos in 500 ml of proteinase K
UTP-labeled antisense RNA probe transcribed from an EcoRI-de- containing buffer (0.5% SDS, 5 mM EDTA, 50 mM Tris, pH 8.0,
rived 1500 bp 5*-end subclone of clone 1 (Fig. 2). 50 mM NaCl, and 250 mg/ml of proteinase K) overnight at 507C.
Proteins were then removed by several phenol/chloroform extrac-
RT±PCR tions. Genomic DNA was precipitated with ethanol at room tem-
perature for 10 min, harvested, and air dried on a drawn out PasteurTotal cellular RNAs (5 mg) from various embryonic stages and
pipet. Puri®ed DNA was resuspended in 500 ml of TE and kept atadult tissues were used as templates for reverse transcription. Ran- 0207C. PCR was carried out using 100 ng each of the appropriate
oligodeoxynucleotides (DC1S; 5*-AACTGCAGGAAGTGTGGA-
AATGGG-3*, DC2AS; 5*-GGGGTACCCTCCATTACATTTAGA-
AAC-3*, b1S; 5*-GTCCTGAGGGAGGCTTTGAT-3*, b1AS; 5*-TABLE 1
TGCCGCCTAATTTTCCGTCT-3*), 0.1 mM NTP, 0.5 U of TaqSequence of Primers Used for Homology PCR
polymerase (Boehringer) in standard Mg2/ buffer, for 35 cycles (1
min 947C, 1 min 557C, 1 min 727C) followed by 7 min at 727C.Primer 1: 5*-CA(C/T)GA(A/G)(C/T)TNGGNCA(C/T)AA-3*
The predicted DC (DC1S ±DC2AS) ampli®ed product is 740 bp.Primer 2: 5*-GGNCA(C/T)AA(C/T)(C/T)TNGGNAT-3*
The predicted b1 speci®c product is 191 bp in length.Primer 3: 5*-TG(C/T)(C/T)TNTT(C/T)AA(C/T)AA(A/G)CC-3*
Primer 4: 5*-TA(T/C)TCNGGNA(G/A)(G/A)TC(G/A)CA-3* Cell Transfection
Primer 5: 5*-CA(T/A/G)ATNA(G/A)(C/T)TTNCC(G/A)CA-3*
A full-length coding sequence X-ADAM 13 cDNA was clonedPrimer 6: 5*-CA(G/A)T(C/T)NGGNGGNGCCANCC-3*
into the pcB6 expression vector (Brewer, 1994) and transfected into
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FIG. 2. Restriction map and structure of X-ADAM 13. (A) Restriction map of the two cDNA clones isolated from the stage 17 cDNA
library. Both clones possess an internal EcoRI site and overlap by over 1000 bp. The combined sequence of these cDNAs is 3200 bp long
and covers the entire coding region. Clone 2 possesses two stop codons (stop), the ®rst of which is not present in clone 1. The ®rst stop
codon is likely to represent a cloning artifact and involves an additional nucleotide (at position 2050 bp) that introduces a frame shift.
The second is at position 2780 bp and marks the end of the cytoplasmic domain. The full-length cDNA used for in vitro transcription
was constructed by cloning the 3* KpnI/HindIII fragment of clone 2 onto the 3* end KpnI site of clone 1, thereby avoiding the frame shift
mutation present in clone 2. (B) Schematic of the deduced protein structure drawn to scale. Signal peptide (Sp), pro domain (P), metallopro-
tease (M), disintegrin-like (D), cysteine-rich (C), EGF-like (E), transmembrane (Tm), and cytoplasmic domain (Cy). The hydrophobicity
plot is presented underneath with the amino acid scale (aa) proportional to the protein schematic.
mouse NIH-3T3 cells using calcium chloride precipitation. Western Blot Analysis and Immunohistochemistry
Transfectants were analyzed for X-ADAM 13 expression by West-
Proteins were extracted from batches of 20 frozen embryos usingern blot analysis and immuno¯uorescence.
400 ml of extraction buffer (ESB: 50 mM Tris, pH 8, 100 mM NaCl,
1% NP-40, 2 mM EDTA, 2 mM PMSF, 1 mg/ml leupeptin and
aprotinin) on ice for 15 min. Yolk was pelleted at 14,000g for 30Preparation of the X-ADAM 13 Antibody 6615F
min at 47C. Lipids were extracted using 400 ml of trichlorotri¯uor-
oethane (Alfandari et al., 1995). Proteins were analyzed either di-A glutathione S-transferase (GST) fusion protein was prepared
by cloning a cDNA encoding the 123 COOH-terminal amino acid rectly after addition of an equal volume of 2X Laemmli buffer or
following puri®cation with Con A±agarose (Vector). One embryoresidues of the cytoplasmic domain of X-ADAM 13 into pGEX-KG
(Guan and Dixon, 1991). Fusion protein was puri®ed using standard equivalent of total proteins or Con A-enriched material from 5
embryo equivalents was boiled in the presence of 2% 2-mercapto-methods (Guan and Dixon, 1991), combined with complete
Freund's adjuvant and injected into New Zealand white rabbits. ethanol, separated by SDS±PAGE, and transferred to nitrocellulose
(Schleicher and Schuell, Keene, NH). Total blotted protein wasImmune IgG were puri®ed on a His±Tag fusion protein (pET vec-
tors; Novagen) column containing the same 123 C-terminal amino visualized using 0.2% ponceau S in 3% TCA prior to incubation
with antibodies. Blots were blocked in 5% nonfat dry milk in TBSacids used for immunization. Puri®ed IgG (Ab 6615F) were stored
at concentrations higher than 1 mg/ml in 50% glycerol at 0207C containing 0.1% Tween 20. All antibody incubations and washes
were done in TBS containing 0.1% Tween. Detection was per-and used at a ®nal concentration of 1 mg/ml in all experiments.
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formed using HRP-conjugated secondary antibody, the ECL chemi- ADAM 13 and guinea pig ADAM 1 is 35%. All three
luminescence detection system (Amersham) and Kodak XAR ®lm. ADAMs are likely to encode a catalytically active metallo-
Immunostaining of whole-mount and frozen sections was per- protease because each contains consensus active-site resi-
formed exactly as described by Hens and DeSimone (1995) using 1 dues. These include three histidines that interact with Zn2/
mg/ml of the af®nity-puri®ed 6615F antibody. Transfected cells and a glutamic acid that has catalytic activity. At the car-
were grown on glass coverslips, ®xed with 95% ethanol at 0207C
boxy-terminus of their prodomains, all three ADAMs havefor 30 sec, and incubated in PBS containing 1% BSA and 1% normal
a cysteine residue likely to be involved in a cysteine switchgoat serum (Sigma) for 1 hr at room temperature. Antibodies were
mechanism to keep the metalloprotease in an inactive stateadded to the coverslips in PBS containing 10% of the blocking
(Birkedal-Hansen, 1995). The cysteine-rich domain ofsolution for 1 hr at room temperature. FITC-labeled goat anti-rabbit
and rhodamine-labeled goat anti-mouse secondary antibodies ADAMs 1 and 12 contain a putative fusion peptide (under-
(HyClone) were used at a 1:100 dilution. lined), which may be involved in membrane fusion (Huovila
et al., 1996). Fusion peptides are characterized by a hy-
drophobic stretch of amino acids that can be modeled as
Whole-Mount in Situ Hybridization an a helix with one strongly hydrophobic face. ADAM 13
contains a hydrophobic stretch of amino acids (underlinedWhole-mount in situ hybridizations were performed on albino
HS) within the cysteine-rich domain, but the sequence doesXenopus embryos using digoxygenin-rUTP (Boehringer-Manheim
Biochemical)-labeled RNA probes as described by Harland (1991). not model as a sided a helix. The cytoplasmic tails of all
ADAM sense and antisense transcripts were synthesized using T3 three ADAMs are rich in proline; that of ADAM 13 is com-
or T7 RNA polymerase from clones C1 and C11 (Fig. 2) following posed of 25% proline residues arranged in repeats (Fig. 3; K/
linearization with XbaI or XhoI. Targeted transcripts were visual- R-P-L-P-X-X-P) resembling SH3 binding domains (Pawson,
ized with anti-digoxygenin antibodies (Boehringer-Manheim Bio- 1994).
chemical) and NBT/BCIP as described by Harland (1991). Embryos
were imaged using bright-®eld optics on a Zeiss Axiophot micro-
scope equipped with a Kodak DCS420c digital camera. Sequence Comparison of Xenopus and Mammalian
ADAMs
Because the two Xenopus ADAMs that we identi®ed areRESULTS
the ®rst nonmammalian vertebrate ADAMs to be character-
ized, we investigated whether they are likely to be the Xeno-Cloning and Sequence Analysis of X-ADAM 13
pus orthologs of existing ADAMs or unique genes. WecDNAs
therefore compared the deduced amino acid sequences of
the full-length X-ADAM 13 and the partial Xenopus ADAMWe designed degenerate oligodeoxynucleotide primers
corresponding to extracellular domain sequences shared by mp10 (Fig. 3) with the known mammalian ADAM se-
quences. A selected portion of the results is shown in Tablea number of mammalian ADAMs, and used these primers
to amplify Xenopus cDNAs from different developmental 2. The partial mp10 sequence is 74% identical to mouse
meltrin a (ADAM 12) over a 143-amino-acid stretch. Thus,stages by homology PCR. Two partial cDNAs were isolated
from different embryonic stage cDNAs (Fig. 1). One se- although a full-length sequence of mp10 is not yet available,
it is likely that mp10 is the Xenopus ortholog of meltrin a.quence tag (mp10) was ampli®ed only from stage 45 em-
bryos, while the other (mp4) was found at stage 11 and Full-length X-ADAM 13 is also more similar in sequence
(45% identical over its length) to mouse meltrin a thansubsequent stages. We chose to characterize mp4 because
of its expression during earlier stages of embryonic develop- it is to any other full-length ADAM, including guinea pig
ADAM 1 (35% identical), mouse ADAM 2 (28% identical),ment. We used the mp4 sequence tag to screen a Xenopus
stage 17 cDNA library and identi®ed two overlapping clones and mouse ADAM 8 (35% identical). However, since mp10
is likely to be Xenopus ADAM 12, we consider the full-(Fig. 2) which together span the entire coding region. The
combined clones represent a 3200-bp cDNA sequence that length X-ADAM 13 to represent a novel gene. To further
substantiate this conclusion, we performed a phylogeneticlacks a polyadenylation signal and poly(A)/ tail. The se-
quence encodes an open reading frame of 915 amino acids. analysis on the metalloprotease-like domains of 26
ADAMs, which represent the cross-species orthologs of 15An alignment of the deduced amino acid sequence of the
full-length Xenopus protein, which we call X-ADAM 13 different full-length ADAMs (Fig. 4). All orthologs group
together, as do ADAMs 2, 3, and 5. However, other ADAMs(see below), is shown in Fig. 3 along with two other full-
length ADAMs, mouse ADAM 12 (meltrin a) and guinea are approximately equally similar to each other. X-ADAM
13 is most closely linked to mouse ADAM 12, a resultpig ADAM 1 (fertilin a), and the partial Xenopus mp10 se-
quence. X-ADAM 13 possesses all of the characteristic do- which correlates well with the sequence analysis described
above and in Table 2. For example, in the metalloprotease-mains of the ADAM family including a signal sequence,
pro-domain, metalloprotease-like, disintegrin-like, and cys- like domain, the Xenopus protein is 57% identical to mouse
ADAM 12 (meltrin a), 37% identical to mouse ADAM 1teine-rich domains, an EGF-like repeat, a transmembrane
domain and a cytoplasmic tail. The overall identity between (fertilin a), and 27% identical to mouse ADAM 2 (fertilin
b). These data analyses indicate that X-ADAM 13 representsX-ADAM 13 and mouse ADAM 12 is 45%, and between X-
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TABLE 2
Sequence Comparison with Other Mammalian ADAMs
Name AA Name AA Identity (%) Similarity (%)
X-ADAM 13 1±915 M-ADAM 12 1±903 45 64
X-ADAM 13 1±915 GP-ADAM 1 1±804 35 53
X-ADAM 13 1±915 M-ADAM 8 1±832 35 56
X-ADAM 13 1±915 M-ADAM 2 1±718 28 48
X-ADAM 13 423±572 M-ADAM 12 434±583 66 78
X-ADAM 13 423±572 (meltrin b) 1±150a 66 75
X-ADAM 13 423±572 (meltrin g) 1±151a 45 64
X-ADAM 13 342±481 M-ADAM 12 350±493 63 78
mp10 1±143a M-ADAM 12 350±493 74 87
Note. The full-length Xenopus ADAM (X-ADAM 13) amino acid sequence was compared to mouse meltrin a (M-ADAM 12), meltrin
b, and meltrin g, guinea pig fertilin a (GP-ADAM 1), mouse fertilin b (M-ADAM 2), and mouse MS2 (ADAM 8) using the BESTFIT
program (GCG software package; Devereux et al., 1984). Regions of comparison are indicated by amino acid number (AA). In each case,
the percentages of amino acid identity and similarity are given.
a Note that only partial sequence information is available for mouse metrin b, g, and Xenopus mp10.
a new member of the ADAM family with closest similarity cells. The two most posterior groups of cells (arrows) expand
from the border of the neural tube ventrally into theto the meltrins.
branchial arches. The third and most anterior staining ema-
nates from the neural tube as well, and surrounds the primi-
ADAM mRNA Expression tive eye (arrowhead). In the trunk region (Figs. 6D and 6G)
X-ADAM mRNA is observed in the developing somitic ®eldX-ADAM 13 mRNA is ®rst detected after the midblastula
in an anteroposterior gradient (Fig. 6D, blue arrows). Tran-stage (stage 8) and accumulates during gastrulation, neuru-
scripts are evident in somite cells where the nuclei align. Aslation, and organogenesis (Fig. 5A). A single 7-kb band is
development proceeds, the mRNA becomes progressivelydetected at each stage examined. Total X-ADAM 13 mRNA
restricted to the posterior somites and disappears from thelevels reach a peak at neurulation (stage 15 to 19) and de-
most anterior ones (Fig. 6E). During tailbud formation X-crease during tailbud formation (stage 25). RT±PCR (Fig.
ADAM 13 mRNA appears in the region of the proctodeum5B) was used to detect X-ADAM 13 mRNA in adult tissues
while the pattern of staining in the head becomes moreincluding liver (L), heart (H), muscle (M), and intestine (I)
complex. X-ADAM 13 mRNAs are expressed in mandibu-as well as in the Xenopus XTC cell line (X). No X-ADAM
lar, hyoid, and branchial neural crest of late-stage em-13 mRNA (Fig. 5B arrowhead) is detected in testis where
bryos.most ADAM RNAs have been identi®ed thus far. There
was no ampli®cation from genomic DNA using the same
primers, possibly because of the presence of large intronic
X-ADAM 13 Protein Expressionsequences. Both testis cDNA and genomic DNA yielded
ampli®ed products of the predicted size with the b1 prim- In order to correlate X-ADAM 13 protein expression with
ers, con®rming the presence of template in these reactions. the pattern of mRNA expressed, antibodies directed against
the cytoplasmic tail of X-ADAM 13 were generated using
a GST-fusion protein as immunogen. Immune IgGs wereADAM mRNA Localization in Early Xenopus
af®nity puri®ed on a His±Tag fusion protein containing theEmbryos X-ADAM 13 cytoplasmic domain (Ab 6615). The puri®ed
antibody speci®cally recognizes mouse 3T3 cells trans-X-ADAM 13 mRNA is ®rst detected in the neurula in
two regions (Figs. 6A, 6B, and 6F). The most intense hybrid- fected with the full-length Xenopus cDNA, both by Western
blot and immuno¯uorescence (Figs. 7A and 7B). To improveization signal is observed around the neural plate in the
region de®ned as the primitive placodal thickening. This detection sensitivity in embryo samples, glycoproteins from
different stage extracts were puri®ed on Con A±agarose,region will give rise to cranial neural crest and placodal
tissue. The second site of expression is localized to cells on separated by SDS±PAGE, and blotted to nitrocellulose (Fig.
8A). No antibody-speci®c signal is observed in the fertilizedeither side of the notochord (Fig. 6F, white arrowheads).
These cells are likely to be the precursors of somitic meso- egg (stage 1) or the midblastula stage (stage 8), in agreement
with the pattern of mRNA expression. The af®nity-puri®edderm. As neurulation proceeds (Figs. 6C and 6D), X-ADAM
13 mRNA localization becomes restricted to three bilateral antibody recognizes two major polypeptides during gastru-
lation, which are approximately 120 and 97 kDa in molecu-areas in the head that correspond to cranial neural crest
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FIG. 4. Phylogenetic analysis of ADAM metalloprotease-like domains. Phylogenetic analysis was performed on the metalloprotease-like
domains of 25 ADAMs, which represent the cross-species homologs of 14 different full-length ADAMs, as well as three SVMPs (i.e., Ht-
d, Ht-e, and catrocollastatin). Numbers on the nodes indicate bootstrap values and represent the number of times that fork was generated
in 100 analyses. Alternate names for the proteins include: ADAM 1, fertilin a; ADAM 2, fertilin b; ADAM 3, cyritestin and tMDC I;
ADAM5, tMDC II; ADAM6a and b, tMDCIva and b; ADAM7, EAPI; ADAM8, MS2; ADAM9, MDC9; ADAM11, MDC; ADAM12, meltrin
a; ADAM15, metargidin and MDC 15.
lar weight, respectively. These sizes correspond to the cal- expressed in the somites and in the cranial neural crest
culated molecular weights for the complete fully glycosyl- (Figs. 9A and 9B). In the somites the protein appears at the
ated protein (120 kDa) and the protein following proteolytic myocyte end junctions. In the most anterior somites, the
cleavage of the pro-domain (97 kDa). The same two major entire myoblast cell surface is also stained. In the trunk (Fig.
polypeptides (120±97 kDa) are also detected in embryos in- 9C), the protein is exclusively localized to the intersomitic
jected with synthetic mRNA encoding the full-length X- boundaries. The ¯uorescence is particularly strong at the
ADAM 13 (Fig. 8B). The endogenous X-ADAM 13 protein basal and lateral surfaces of cells closer to the notochord
is not detected in samples of uninjected control embryos and neural tube. At this stage, the mesencephalic crest (m)
because total protein from only 0.5 embryo equivalents was surrounds the optic vesicle (ov) while the hyoid crest seg-
loaded in each lane. An additional 50-kDa polypeptide is ment (h) has moved to the ventral part of the hyoid meso-
detected at the tadpole stage (stage 40). This molecular derm. The branchial crest segment is now divided into two
weight is consistent with both the calculated size of the parallel masses of cells running posterior to the otic vesicle
processed protein (assuming cleavage of the metalloprotease in a region dorsolateral to the future branchial arches. In
domain) and the major form of ADAM 12 in differentiated sections of tailbud-stage embryos the diffuse staining pres-
mouse myoblasts. ent in the head by whole-mount immunostaining is more
precisely localized (Fig. 10). The protein is present at the
surfaces of cells at the border between the neural tissue and
Localization of X-ADAM 13 Protein the sensorial layer of the epidermis. At higher magni®ca-
tions, the staining is localized to cells within the outermostThe distribution of X-ADAM 13 protein in embryos was
layer of the neural tube (Fig. 10B, nt); however, even atinvestigated using the af®nity-puri®ed cytoplasmic domain
this magni®cation it remains unclear whether the stainingantibody in both whole-mount and immuno¯uorescence
surrounding the optic vesicle is due to cells within thisexperiments. Whole-mount immunostaining revealed that
tissue or to a migratory population of cells situated betweenthe protein localization (Fig. 9) is coincident with the pat-
tern of mRNA expression (Fig. 6). The ADAM 13 protein is the epidermis and the optic vesicle.
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FIG. 5. X-ADAM 13 mRNA analysis. (A) Northern blot analysis of X-ADAM 13 mRNA expression during early development. Total
RNAs extracted from 10 fertilized eggs (stage 1) or 10 blastula (stage 8), gastrula (stage 10 and 12), neurula (stage 15 and 19), or tailbud
(stage 25) embryos were separated on a 1% denaturing agarose gel. The relative amounts of RNA loaded for each stage can be evaluated
on the ethidium stained gel (right). The RNAs were transferred to nylon and hybridized with a [32P]UTP-labeled X-ADAM 13 RNA probe.
The hybridization signal is detected as a single 7-kb band from stage 10 onward. (B) RT±PCR analysis of X-ADAM 13 mRNA expression
in adult tissues and the Xenopus XTC cell line. cDNA from adult Xenopus heart (H), liver (L), intestine (I), muscle (M), testis (T), and
XTC cells (X) was subjected to PCR ampli®cation using DC1 and DC2 primers, which amplify the disintegrin and cysteine (DC) domains,
as described under Materials and Methods. Xenopus genomic DNA (0.4 mg) was also used as template (G). Control for the presence of
DNA template in lanes lacking speci®c ampli®cation products (G, T) was accomplished in parallel using primers speci®c for the Xenopus b1
integrin subunit. No template ampli®cation (0) was used to control for nonspeci®c DNA contamination. Arrowheads point to ampli®cation
products from X-ADAM 13 (DC) and b1 integrin primers (g, genomic DNA ampli®cation product; r, ampli®cation from cDNA template).
X-ADAM 13 mRNA is expressed in all tissues tested except testis. The DC1 and DC2 primers were unable to amplify a band from
genomic DNA, possibly because of the presence of large intronic sequences.
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FIG. 6. Localization of X-ADAM 13 mRNA in early embryos. (A) Lateral view of a blastula (stage 8) and a neurula (stage 13) stage
embryo. X-ADAM 13 mRNA is not detected in the blastula. During neurulation the mRNA is localized to the anterior placodal ectoderm
(arrows and arrowhead). (B) Dorsal view of a stage 13 neurula. The neural plate (np) and notochord (c) are indicated. (C) Anterodorsal view
of stage 20 embryo. Three distinct groups of cells are stained in the anterior region. These populations of cells arise from the border of
the neural tube and expand on either side ventrally (arrows and arrowhead). The most anterior of these groups of cells surrounds the optic
vesicle (arrowhead). (D) Dorsal view of stage 20 embryo. X-ADAM 13 mRNA is also localized to the forming somites (blue arrows). At
this angle, the anterior neural crest staining is observed around both the optic vesicle and the brain (arrowhead). Black arrows point to
the same cells as in C. (E) During tailbud formation, the mRNA is present in the head, somites, and proctodeum (pd). The staining present
in the anterior part of the embryo progresses ventrally as development proceeds (arrows). Note the extensive staining of facial structures
of the head (arrowhead) with the exception of the cement gland (cg). (F) Magni®cation of a dorsal view of an early neurula (stage 13).
When the color reaction is allowed to proceed overnight, secondary sites of speci®c expression become apparent. Note the paraxial
mesoderm±notochord boundary where presumptive somite cells are detected with the antisense probe (white arrowhead). No staining is
detected in the notochord (c). (G) Magni®cation of the dorsoanterior view of an early tailbud (stage 20). In the somites, the staining is
restricted to the region containing the nuclei (white arrows) and absent from the intersomitic border (red arrowheads).
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FIG. 7. Characterization of the 6615 cytoplasmic domain antibody. The speci®city of the af®nity-puri®ed cytoplasmic tail antibody was
tested using mouse NIH-3T3 cells mock transfected or transfected with the full-length X-ADAM 13 cDNA. (A) Western blot analysis of
total protein extract shows two major polypeptides of respective sizes 120 and 97 kDa in X-ADAM 13-transfected cells (2) but absent in
mock-transfected cells (1). (B) Immuno¯uorescence analysis of transfected NIH-3T3 cells. No signal is observed in mock-transfected
control cells (1), whereas ¯uorescence is detected in cells transfected with the X-ADAM 13 cDNA (2). Note predominant juxtanuclear
staining representing the endoplasmic reticulum (B, 2).
the prodomain is removed (Van Wart and Birkedal-Hansen,DISCUSSION
1990; Springman et al., 1990; Birkedal-Hansen, 1995). Dur-
ing development, X-ADAM 13 protein is detected as twoThis study reports the cDNA cloning and molecular anal-
major polypeptides that correspond to the predicted molec-ysis of the ®rst nonmammalian vertebrate member of the
ular weights of the full-length protein and a pro-domain-ADAM family. Sequence analysis suggests that this cDNA
minus form. These data suggest that the 120-kDa precursoris a unique ADAM, in contrast to an ortholog of a previously
is rapidly processed into a shorter, potentially active 97-cloned mammalian gene. Thus, we call this cDNA and the
kDa cell surface protease. Bovine ADAM 10 has been shownprotein that it encodes Xenopus ADAM 13 (X-ADAM 13).
to be a catalytically active myelin-degrading metallopro-We also present the distribution during Xenopus em-
tease (Howard and Glynn, 1995) and the protease domainsbryogenesis of the ADAM 13 mRNA and protein. This work
of all snake venom metalloproteases (SVMPs) are active inrepresents the ®rst comprehensive analysis of expression
degrading basement membrane components. Thus, we con-patterns of an ADAM during vertebrate development and
sider it likely that the ADAM 13 protease domain is func-suggests that ADAM 13 may play important roles during
tional. The presence of an active metalloprotease such assomitogenesis and muscle differentiation as well as cranial
ADAM 13 on the surface of embryonic cells could haveneural crest cell migration.
important consequences for cell migration. This metallo-
protease might be involved in modifying the ECM used by
Sequence Analysis migrating cells to cross tissue boundaries. In addition, the
protease could cleave other proteins at or near the cell mem-Xenopus ADAM 13 shares an overall domain organiza-
brane. For example, it might be involved in an activationtion similar to that of other ADAM family members. The
cascade by removing the prodomains of adjacent proteins,prodomain of the ADAMs, like that of other metallopro-
other ADAMs or even growth factors. Such autoactivationteases, likely serves to regulate the activity of the catalytic
mechanisms have been proposed for other metalloproteasessite. About half of the known full-length ADAMs, including
(Bergmann et al., 1995).Xenopus ADAM 13, contain the consensus active-site resi-
Several growth factors that have been implicated in meso-dues for a zinc-dependent metalloprotease: H-E-X-G-H-X-
derm induction and neural induction (Hogan et al., 1994;X-G-X-X-H-D (Wolfsberg et al., 1993, 1995a,b; Wolfsberg
Dale et al., 1993; Chitnis and Kintner, 1995) are synthesizedand White, 1996). This subset of ADAMs contains a cys-
as inactive precursors that require cleavage to become func-teine in their prodomains (Fig. 3) that is thought to be in-
tional (Bumcrot et al., 1995). These factors, although se-volved in the regulation of protease activity through a ``cys-
creted, act on their target tissues with high speci®city. It isteine switch'' mechanism. This cysteine likely interacts
with the active-site zinc to keep it in an inactive form until possible that this speci®city is established in part by the
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8458 / 6x19$$$143 01-27-97 08:51:58 dba
325ADAMs in Early Xenopus Development
Stages                                            Stages
A B
8             11
kDa
116
97
66
45
- 
-
-
-
1       8  12   18 24   40                     -     +    -    +
kDa
116
97
66
45
- 
-
-
-
-
FIG. 8. Western blot analysis of X-ADAM 13 protein during Xenopus development. (A) Glycoproteins puri®ed on Con A±agarose from
extracts of 5 fertilized eggs (stage 1), blastulae (stage 8), gastrulae (stage 12), neurulae (stage 18), tailbud (stage 24), and tadpole stage (stage
40) embryos were analyzed by Western blot using the anti-X-ADAM 13 cytoplasmic domain, af®nity-puri®ed 6615 antibody. Positions of
the two major speci®c polypeptides detected by the antibody are marked with arrowheads on the right. (B) Fertilized eggs (stage 1) were
injected with 1 ng of synthetic transcripts encoding the full-length X-ADAM 13 protein. Total protein was extracted from pools of injected
(/) or control noninjected (0) embryos when they reached stage 8 or 11. The equivalent of 0.5 embryos was loaded in each lane of the
gel, blotted, and incubated with the af®nity-puri®ed 6615 antibody. At stage 8 and 11 the two major X-ADAM 13 polypeptides (arrowheads)
are recognized only in injected embryos. The 200-kDa protein in (B) is nonspeci®c and observed in extracts from both injected and
noninjected embryos.
processing of growth factors at target cell contacts. Interest- all SVMPs, and in a number of the ADAMs (Wolfsberg et
al., 1996). It is not clear what function this negative chargeingly, SVMPs have recently been shown to cleave pro-tumor
necrosis factor-a (pro-TNF-a) to biologically active TNF-a plays. However, all disintegrin loops that have been demon-
strated to interact with integrin receptors possess a nega-(Moura-da-Silva et al., 1996). The localized expression of a
tissue speci®c cell-surface metalloprotease such as X- tively charged amino acid at this position. Notably, neither
ADAM 1 nor ADAM 12 or ADAM 13 contains this negativeADAM 13 in early development could, therefore, provide a
mechanism for activating growth factors in precise regions charge (Fig. 3). It may be that the AGS tripeptide of X-
ADAM 13 is a functional integrin ligand or, like ADAM 1,of the embryo.
The disintegrin-like domains of all ADAMs identi®ed to X-ADAM 13 forms a heterodimer with another ADAM that
contains the negative charge at this position. For example,date share the same arrangement of cysteines and many
other residues. These disintegrin domains are similar to mouse ADAM 1 dimerizes on sperm with ADAM 2, which
likely binds to the egg a6b1 integrin through its QDE tripep-those of the P-III SVMPs and, like the ADAMs, also contain
an adjacent cysteine-rich domain. The disintegrin domains tide (Almeida et al., 1995).
Some ADAMs, such as ADAMs 1 and 12, contain a puta-of P-II SVMPs lack this additional region but are the best-
characterized members of the SVMP superfamily with re- tive fusion peptide in their cysteine-rich domains. Viral fu-
sion peptides that induce membrane fusion contain a hy-gard to integrin binding. Many of these soluble SVMPs in-
teract with integrins through an RGD sequence, which is drophobic stretch of amino acids that model as a sided a
helix with one strongly hydrophobic face. The sequence inpresent at the tip of a 13-amino-acid disintegrin loop. The
sequences of the ADAM and P-III SVMP disintegrin loops the region of ADAM 13 that corresponds to the ADAM 1
fusion peptide does not model as a fusion peptide, and thediffer from those of P-II SVMPs in at least two signi®cant
ways. First, all ADAMs (except ADAM 15) have a different upstream hydrophobic stretch in ADAM 13 (521 I-H-L-W-
G-S-G-A-V-V-A-P-N-F) does not have features expected oftripeptide at the position corresponding to the RGD se-
quence. Second, all have an extra cysteine residue immedi- a candidate fusion peptide. Thus, we consider it unlikely
that X-ADAM 13 is a fusogenic subunit.ately adjacent to the predicted integrin-binding tripeptide.
The third residue of this tripeptide is negatively charged in The cytoplasmic domain of X-ADAM 13 is rich in proline
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FIG. 9. Localization of X-ADAM 13 protein during development. Whole-mount embryos were stained with the af®nity-puri®ed cytoplasmic
tail antibody and alkaline phosphatase-conjugated secondary antibody. (A) Lateral view of an early tailbud (stage 22, top) and late neurula
(stage 19, bottom) stage embryo. The staining is consistent with mRNA localization in the somites (red arrowhead) and in the cranial neural
crest (black arrows and arrowhead. (B) Magni®cation of the anterior portion of a tailbud (stage 22) embryo. The somitic staining is strongest
at the intersomitic border (red arrowheads). In the most anterior somites, the entire cell surface is stained. In the head area, staining is localized
to the four cranial neural crest-derived segments (black arrows and arrowheads): posterior branchial crest (p), anterior branchial crest (a), hyoid
crest (h), and mandibular crest segment (m). Staining of this last segment (m) completely surrounds the optic vesicle at this stage (black
arrowhead). (C) Section of tailbud stage embryo triple-labeled with DATF-conjugated anti-rabbit secondary antibody, Texas-red-conjugated
anti-mouse secondary antibody and DAPI. The X-ADAM 13 protein appears in green, ®bronectin appears in red, and DAPI-labeled nuclei
appear in blue. In this frontal section that passes through the somites and notochord, X-ADAM 13 protein is localized to individual myocyte
end junctions. The ®bronectin staining is present in the extracellular space between somites (appears yellow due to overlap with green X-
ADAM 13 staining) as well as the periphery of the notochord (stained red). Nuclear staining indicates the organization of somitic cells.
Primary antibodies are 6615 (anti-X-ADAM 13) and 4H2 (anti-®bronectin: Ramos and DeSimone, 1996).
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like the integrins, could be involved in both mechanical
cell-adhesive interactions and cell signalling. Interactions
of the cytoplasmic domain with cytosolic components
could also be involved in regulating X-ADAM 13 function
during development by activating or inhibiting various
functional domains.
Embryonic Expression of X-ADAM 13
X-ADAM 13 is expressed in two different populations
of cells derived from two separate germ layers. The ®rst
population consists of somitic cells derived from the meso-
dermal layer that will give rise principally to muscle and
bone. The second includes the cranial neural crest, which
arises from the neurectoderm and participates in the forma-
tion of both cartilage and peripheral nervous system. X-
ADAM 13 is expressed in a region corresponding to somitic
mesoderm during gastrulation when the border between
blocks of mesodermal tissues is ®rst established. During
neurulation the somitic mesoderm is progressively seg-
mented starting rostrally and progressing caudally. The ®rst
somite is completed at stage 17 and by stage 45 approxi-
mately 45 pairs of somites are formed (Nieuwkoop and
Faber, 1967). These somites will form the axial skeleton,
associated skeletal muscle, and the connective tissue com-
ponents of the skin.
While expressed widely in the whole unsegmented somi-
tic mesoderm, X-ADAM 13 protein becomes progressively
restricted to the intersomitic junction during segmentation.
Interestingly, several integrins including a5, b1, and av as
well as the focal adhesion kinase (FAK) are also localized
to this region (Joos et al., 1995; Alfandari and Darribere,
FIG. 10. Immunolocalization of X-ADAM 13 protein by immuno- unpublished observation; Hens and DeSimone, 1995). The
¯uorescence. Cryosectioned embryos were labeled with the 6615 intersomitic junctions are rich in extracellular matrix com-
af®nity-puri®ed antibody and DATF-conjugated secondary anti-
ponents, in particular ®bronectin and tenascin (Wedlich etbody. (A) Horizontal section through the head of a tailbud (stage
al., 1989, Danker et al., 1993, Umbhauer et al., 1992). The24) Xenopus embryo. The section passes throught the neural tube
localization of X-ADAM 13 at these junctions suggests a(nt) and the optic vesicles (ov). Note staining of cells along the outer
role in the formation and/or maintenance of somites. Be-layer of the brain and the optic vesicle. No staining is apparent in
cause the protein is also expressed prior to the formationthe epidermis. (B) Higher magni®cation view of a horizontal section
through the head. This section passes through the neural tube (nt), of the somites, it is also possible that it may function as a
the notochord (c) and the optic vesicle and is, therefore, more dorsal cell±cell receptor during somite segmentation and rotation
than in A. From left to right, the ¯uorescence is concentrated at (Hamilton, 1969). During tailbud formation, X-ADAM 13
the border between the sensory layer of the epidermis and the wall is also present at points of cell±cell contact between myo-
of the optic vesicle. The protein is also present in cells along the blasts, ®rst in the most anterior somites, which are also the
lateral region of the neural tube.
most differentiated. Finally, mouse ADAM12, which is the
most closely related ADAM to X-ADAM 13, has been
shown to be required for events leading to myoblast fusion
(Yagami-Hiromasa et al., 1995, Huovila et al., 1996). In(25%) and shares sequence similarity with that of the mouse
ADAM 12 protein. Proline repeats have been tentatively myogenic cell lines, overexpression of a truncated form of
ADAM 12, missing the pro- and metalloprotease domains,identi®ed as SH3-binding consensus sequences in the
MDC9 protein (ADAM 9), a member of the ADAM family results in fusion, while repression of ADAM 12 in these
cells prevents it. Because ADAM 12 is, by itself, unable tocloned from mouse and human (Weskamp et al., 1996). A
GST±fusion protein containing ADAM 9 proline-repeats induce cell fusion in non myogenic cells, additional proteins
may also be involved in this process. The localization of X-binds in vitro to the Src SH3 domain. Because SH3 domains
are present in many cytoskeletal proteins and intracellular ADAM 13 protein at the myoblast cell surface during mus-
cle differentiation suggests a similar function for this pro-signaling molecules (Turner and Miller, 1994; Maruta and
He, 1995; Pawson, 1994), it is possible that X-ADAM 13, tein. In Xenopus, however, myoblast fusion occurs after
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metamorphosis. The presence of X-ADAM 13 protein at the cells is, therefore, of particular interest. Future studies will
focus on elucidating the functions of speci®c ADAM struc-surface of myoblasts long before metamorphosis suggests
that it might have a different function in frog than in the tural domains in early embryonic events.
mouse. Interestingly, the other partial Xenopus cDNA ob-
tained by homology PCR (mp10), which is 74% identical
to M-ADAM12, is expressed much later in development ACKNOWLEDGMENTS
(stage 45). We are currently investigating whether this clone
is the true ortholog and functional homolog of ADAM12. The authors thank Dr. Thomas Lallier and Sandra Kateeshock
The major site of expression of X-ADAM 13 in the early- for critical reading of the manuscript. We are also grateful to Dr.
Ann Sutherland and members of the DeSimone lab for helpful com-neurula-stage embryo is associated with the precursors of
ments and discussion throughout the course of these studies. Thiscranial neural crest cells. We identify these cells as neural
work was supported by a grant from the USPHS (HD26402). D.W.D.crest based on both their timing of appearance and location
was also supported by a Research Career Development Award fromin the embryo (Sadaghian and Thiebaud, 1987) and on the
the National Institutes of Health (HD01104).similarity of the ADAM-13 pattern of expression to markers
of neural crest such as Slug (Mayor et al., 1995). These cells
segregate at the border between the ectoderm and the neural
REFERENCESplate. They then migrate ventrally as the neural tube closes.
The cranial neural crest are important precursors of the
Alfandari, D., Ramos, J., Clavilier, L., DeSimone, D. W., and Darri-major cartilages of the head, and also contribute to other
bere, T. (1996). The RGD-dependent and the Hep II binding do-facial structures, such as facial muscles, the sclera of the
mains of ®bronectin govern the adhesive behaviors of amphibianeye, and the sensory ganglia. Cranial neural crest cells have
embryonic cells. Mech. Dev. 56, 83±92.been shown to use speci®c migration pathways depending
Alfandari, D., Whittaker, C. A., DeSimone, D. W., and Darribere,
on their fates (Sadaghiani and Thiebaud, 1987). These path- T. (1995). Integrin alpha v subunit is expressed on mesodermal
ways are paved with ECM proteins such as ®bronectin, cell surfaces during amphibian gastrulation. Dev. Biol. 170, 249±
vitronectin, and laminin. Integrin-dependent interactions 261.
of these cells with this complex matrix are essential for Almeida, E. A., Huovila, A. P., Sutherland, A. E., Stephens, L. E.,
Calarco, P. G., Shaw, L. M., Mercurio, A. M., Sonnenberg, A.,migration (Lallier and Bronner-Fraser, 1993; Delannet et al.,
Primakoff, P., Myles, D. G., et al. (1995). Mouse egg integrin1994). The presence of X-ADAM 13 in neural crest cells
alpha 6 beta 1 functions as a sperm receptor. Cell 81, 1095±1104.indicates a possible role in the segregation and migration
Bergmann, U., Tuuttila, A., Stetler-Stevenson, W. G., and Tryggva-of these cells. At least two of the ADAM domains are likely
son, K. (1995). Autolytic activation of recombinant human 72to be used for these functions. First, the disintegrin domain
kilodalton type IV collagenase. Biochemistry 34, 2819±2825.could be involved in cell±cell recognition during segrega-
Birkedal-Hansen, H. (1995). Proteolytic remodeling of extracellular
tion from the neural tissue. Second, the metalloprotease matrix. Curr. Opin. Cell Biol. 7, 728±735.
domain could be involved in local ECM modi®cation, Blobel, C. P., Myles, D. G., Primakoff, P., and White, J. M. (1990).
which may lead to the initiation of migration or the estab- Proteolytic processing of a protein involved in sperm±egg fusion
lishment of directional cues along the pathway. correlates with acquisition of fertilization competence. J. Cell.
Biol. 111, 69±78.X-ADAM 13 protein is expressed at the surfaces of cells
Blobel, C. P., and White, J. M. (1992). Structure, function and evolu-forming the border of the neural tissue in tailbud embryos
tionary relationship of proteins containing a disintegrin domain.(Fig. 10). In ascidian embryos, blastomeres of ectodermal
Curr. Opin. Cell Biol. 4, 760±765.origin will form epidermal structures in vitro. If, however,
Boucaut, J. C., Darribere, T., Boulekbache, H., and Thiery, J. P.the same blastomeres are treated with different inducers
(1984a). Prevention of gastrulation but not neurulation by anti-including the serine protease subtilisin, these blastomeres
bodies to ®bronectin in amphibian embryos. Nature 307, 364±
will become neural tissue (Okado et al., 1993). The presence 367.
of X-ADAM 13, with a potential active protease at the sur- Boucaut, J. C., Darribere, T., Poole, T. J., Aoyama, H., Yamada,
face of neural cells, suggests a possible role in neural pat- K. M., and Thiery, J. P. (1984b). Biologically active synthetic pep-
terning. tides as probes of embryonic development: A competitive peptide
inhibitor of ®bronectin function inhibits gastrulation in amphib-In summary, X-ADAM 13 expression correlates well with
ian embryos and neural crest cell migration in avian embryos. J.developmentally regulated events such as somite formation
Cell Biol. 99, 1822±1830.and neural crest cell migration. Both of these events require
Brewer, C. B. (1994). Cytomegalovirus plasmid vectors for perma-cell interactions among cells of a single tissue and between
nent lines of polarized epithelial cells. Methods Cell. Biol. 43,cells of adjacent tissues. The ®rst helps maintain tissue
233±240.integrity, while the second de®nes tissue boundaries. A sec-
Bumcrot, D. A., Takada, R., and McMahon, A. P. (1995). Proteolytic
ond type of interaction occurs between cells and the extra- processing yields two secreted forms of sonic hedgehog. Mol.
cellular matrix. The extracellular matrix is usually depos- Cell. Biol. 15, 2294±2303.
ited at the border of a tissue. Expression of a protein that Chitnis, A., and Kintner, C. (1995). Neural induction and neurogen-
can affect both cell±cell and cell±extracellular matrix inter- esis in amphibian embryos. Perspect. Dev. Neurobiol. 3, 3±15.
Dale, L., Matthews, G., and Colman, A. (1993). Secretion and meso-actions within segregating tissues as well as in migrating
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8458 / 6x19$$$143 01-27-97 08:51:58 dba
329ADAMs in Early Xenopus Development
derm-inducing activity of the TGF-beta-related domain of Xeno- Lallier, T., and Bronner-Fraser, M. (1993). Inhibition of neural crest
cell attachment by integrin antisense oligonucleotides. Sciencepus Vg1. Embo J. 12, 4471±4480.
259, 692±695.Danker, K., Hacke, H., Ramos, J., DeSimone, D., and Wedlich, D.
(1993). V(/)-®bronectin expression and localization prior to gas- Lallier, T. E., Whittaker, C. A., and DeSimone, D. W. (1996). Inte-
grin a6 expression is required for early nervous system develop-trulation in Xenopus laevis embryos. Mech. Dev. 44, 155±165.
ment in Xenopus embryos. Development 122, 2539±2554.Darribere, T., Guida, K., Larjava, H., Johnson, K. E., Yamada, K. M.,
Thiery, J. P., and Boucaut, J. C. (1990). In vivo analyses of integrin Maciukenas, J. (1994). Treetol version 2.01. Ribosomal RNA Data-
base Project.beta 1 subunit function in ®bronectin matrix assembly. J. Cell
Biol. 110, 1813±1823. Maruta, H., and He, H. (1995). Cytoskeletal SH3 proteins. Seika-
gaku 67, 1210±1217.Delannet, M., Martin, F., Bossy, B., Cheresh, D. A., Reichardt, L. F.,
and Duband, J. L. (1994). Speci®c roles of the alpha V beta 1, Mayor, R., Morgan, R., and Sargeant, M. C. (1995). Induction of the
alpha V beta 3 and alpha V beta 5 integrins in avian neural crest prospective neural crest of Xenopus. Development 121, 767±777.
cell adhesion and migration on vitronectin. Development 120, Moura-da-Silva, A. M., Laing, G. D., Paine, M. J., Dennison, J. M.,
2687±2702. Politi, V., Crampton, J. M., and Theakston, R. D. (1996). Pro-
Devereux, J., Haeberli, P., and Smithies, O. (1984). A comprehen- cessing of pro-tumor necrosis factor-a byt venom metalloprotein-
sive set of sequence analysis programs for the VAX. Nucleic ase: A hypothesis explaining local tissue damage following snake
Acids Res. 12, 387±395. bite. Eur. J. Immunol. 26, 2000±2005.
Dufour, S., Duband, J. L., Humphries, M. J., Obara, M., Yamada, Musial, J., Niewiarowski, S., Rucinski, B., Stewart, G. J., Cook,
K. M., and Thiery, J. P. (1988). Attachment, spreading and loco- J. J., Williams, J. A., and Edmunds, L. H., Jr. (1990). Inhibition of
motion of avian neural crest cells are mediated by multiple adhe- platelet adhesion to surfaces of extracorporeal circuits by disinte-
sion sites on ®bronectin molecules. EMBO J. 7, 2661±2671. grins. RGD-containing peptides from viper venoms. Circulation
82, 261±273.Fedelstein, J. (1993). PHYLIP (Phylogeny Inference Package) version
3.5c. Myles, D. G. (1993). Molecular mechanisms of sperm±egg mem-
brane binding and fusion in mammals. Dev. Biol. 158, 35±45.Grams, F., Huber, R., Kress, L. F., Moroder, L., and Bode, W. (1993).
Activation of snake venom metalloproteinases by a cysteine Myles, D. G., Kimmel, L. H., Blobel, C. P., White, J. M., and Prima-
switch-like mechanism. FEBS Lett. 335, 76±80. koff, P. (1994). Identi®cation of a binding site in the disintegrin
domain of fertilin required for sperm±egg fusion. Proc. Natl.Guan, K. L., and Dixon, J. E. (1991). Eukaryotic proteins expressed
in Escherichia coli: An improved thrombin cleavage and puri®- Acad. Sci. USA 91, 4195±4198.
cation procedure of fusion proteins with glutathione S-trans- Nieuwkoop, P. D., and Faber, J. (1967). ``Normal Table of Xenopus
ferase. Anal. Biochem. 192, 262 ±267. laevis (Daudin),'' 2nd ed. North-Holland, Amsterdam.
Hamilton, L. (1969). The formation of somites in Xenopus. J. Okado, H., and Takahashi, K. (1993). Neural differentiation in
Embryol. Exp. Morphol. 22, 253±264. cleavage-arrested ascidian blastomeres induced by a proteolytic
enzyme. J. Physiol. 463, 269±290.Harland, R. M. (1991). In situ hybridization: An improved whole-
mount method for Xenopus embryos. Methods Cell Biol. 36, Pawson, T. (1994). SH2 and SH3 domains in signal transduction.
685±695. Adv. Cancer Res. 64, 87±110.
Hens, M. D., and DeSimone, D. W. (1995). Molecular analysis and Podbilewicz, B. (1996). ADM-1, a protein with metalloprotease- and
developmental expression of the focal adhesion kinase pp125FAK disintegrin-like domains, is expressed in syncytial organs, sperm,
in Xenopus laevis. Dev. Biol. 170, 274±288. and sheath cells of sensory organs in C. elegans. Mol. Biol. Cell
7, 1877±1893.Hogan, B. L., Blessing, M., Winnier, G. E., Suzuki, N., and Jones,
C. M. (1994). Growth factors in development: The role of TGF- Primakoff, P., Hyatt, H., and Tredick-Kline, J. (1987). Identi®cation
beta related polypeptide signalling molecules in embryogenesis. and puri®cation of a sperm surface protein with a potential role
Development (Suppl.), 53 ±60. in sperm±egg membrane fusion. J. Cell Biol. 104, 141±149.
Howard, L., and Glynn, P. (1995). Membrane-associated metallo- Ramos, J. W., and DeSimone, D. W. (1996). Xenopus embryonic
proteinase recognized by characteristic cleavage of myelin basic cell adhesion to ®bronectin: Position speci®c activation of RGD/
protein: Assay and isolation. Methods Enzymol. 248, 388±395. synergy site dependent migratory behavior at gastrulation. J. Cell
Biol. 134, 227±240.Huovila, A. J., Almeida, A. C., and White, J. M. (1996). ADAMs and
cell fusion. Curr. Opin. Cell Biol. 8, in press. Ramos, J. W., Whittaker, C. A., and DeSimone, D. W. (1996). Inte-
grin adhesive activity is spacially controlled by inductive signalsHynes, R. O. (1992). Integrins: Versatility, modulation, and signal-
ing in cell adhesion. Cell 69, 11±25. at gastrulation. Development 122, 2873±2883.
Rooke, J., Pan, D., Xu, T., and Rubin, G. M. (1996). KUZ, a con-Joos, T. O., Whittaker, C. A., Meng, F., DeSimone, D. W., Gnau,
V., and Hausen, P. (1995). Integrin alpha 5 during early develop- served metalloprotease-disintegrin protein with two roles in Dro-
sophila neurogenesis. Science 273.ment of Xenopus laevis. Mech. Dev. 50, 187±199.
Kini, R. M., and Evans, H. J. (1992). Structural domains in venom Sadaghiani, B., and Thiebaud, C. H. (1987). Neural crest develop-
ment in the Xenopus laevis embryo, studied by interspeci®cproteins: evidence that metalloproteinases and nonenzymatic
platelet aggregation inhibitors (disintegrins) from snake venoms transplantation and scanning electron microscopy. Dev. Biol.
124, 91±110.are derived by proteolysis from a common precursor. Toxicon
30, 265±293. Sanger, F., Nicklen, S., and Coulson, A. R. (1977). DNA sequencing
with chain terminating inhibitors. Proc. Natl. Acad. Sci. USAKintner, C. R., and Melton, D. A. (1987). Expression of Xenopus N-
CAM RNA in ectoderm is an early response to neural induction. 74, 5463±5476.
Development 99, 311±325. Springman, E. B., Angleton, E. L., Birkedal-Hansen, H., and Van
Wart, H. E. (1990). Multiple modes of activation of latent humanKu, M., and Melton, D. A. (1993). Xwnt-11: A maternally expressed
Xenopus wnt gene. Development 119, 1161±1173. ®broblast collagenase: Evidence for the role of a Cys73 active-
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8458 / 6x19$$$144 01-27-97 08:51:58 dba
330 Alfandari et al.
site zinc complex in latency and a ``cysteine switch'' mechanism Winklbauer, R., and Selchow, A. (1992). Motile behavior and protru-
for activation. Proc. Natl. Acad. Sci. USA 87, 364±368. sive activity of migratory mesoderm cells from the Xenopus gas-
Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994). CLUS- trula. Dev. Biol. 150, 335±351.
TAL W: Improving the sensitivity of progressive multiple se- Wolfsberg, T. G., Bazan, J. F., Blobel, C. P., Myles, D. G., Primakoff,
quence alignment through sequence weighting, position-speci®c P., and White, J. M. (1993). The precursor region of a protein
gap penalties and weight matrix choice. Nucleic Acids Res. 22, active in sperm±egg fusion contains a metalloprotease and a dis-
4673±4680. integrin domain: Structural, functional, and evolutionary impli-
Turner, C. E., and Miller, J. T. (1994). Primary sequence of paxillin cations. Proc. Natl. Acad. Sci. USA 90, 10783±10787.
contains putative SH2 and SH3 domain binding motifs and mul- Wolfsberg, T. G., Primakoff, P., Myles, D. G., and White, J. M.
tiple LIM domains: Identi®cation of a vinculin and pp125Fak- (1995a). ADAM, a novel family of membrane proteins containing
binding region. J. Cell Sci. 107, 1583±1591. a disintegrin and metalloprotease domain: Multipotential func-
Umbhauer, M., Riou, J. F., Spring, J., Smith, J. C., and Boucaut, tions in cell±cell and cell±matrix interactions. J. Cell Biol. 131,
J. C. (1992). Expression of tenascin mRNA in mesoderm during 275±278.
Xenopus laevis embryogenesis: The potential role of mesoderm Wolfsberg, T. G., Straight, P. D., Gerena, R. L., Huovila, A. P., Pri-
patterning in tenascin regionalization. Development 116, 147± makoff, P., Myles, D. G., and White, J. M. (1995b). ADAM, a
157. widely distributed and developmentally regulated gene family
Van Wart, H. E., and Birkedal-Hansen, H. (1990). The cysteine encoding membrane proteins with a disintegrin and metallopro-
switch: A principle of regulation of metalloproteinase activity tease domain. Dev. Biol. 169, 378±383.
with potential applicability to the entire matrix metalloprotein- Wolfsberg, T. G., and White, J. M. (1996). ADAMs in fertilization
ase gene family. Proc. Natl. Acad. Sci. USA 87, 5578±5582. and development. Dev. Biol. 180, in press.
Wedlich, D., Hacke, H., and Klein, G. (1989). The distribution of Yagami-Hiromasa, T., Sato, T., Kurisaki, T., Kamijo, K., Nabe-
®bronectin and laminin in the somitogenesis of Xenopus laevis. shima, Y., and Fujisawa-Sehara, A. (1995). A metalloprotease-
Differentiation 40, 77±83. disintegrin participating in myoblast fusion. Nature 377, 652±
Weskamp, G., Kratzschmar, J., Reid, M. S., and Blobel, C. P. (1996). 656.
MDC9, a widely expressed cellular disintegrin containing cyto-
plasmic SH3 ligand domains. J. Cell Biol. 132, 717±726.
Received for publication August 7, 1996White, J. M. (1990). Viral and cellular membrane fusion proteins.
Annu. Rev. Physiol. 52, 675±697. Accepted October 31, 1996
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8458 / 6x19$$$144 01-27-97 08:51:58 dba
